Question: Steppes may be sensitive to rainfall and nitrogen (N) pulses; however, their potential effects on local colonization and extinction during postgrazing steppe succession have not been thoroughly elucidated to date. We addressed how increased rainfall and N influenced plant species richness, gain, loss, and turnover in an ungrazed steppe.
Grasslands cover more terrestrial area than any other single biome type (Blair, Nippert, & Briggs, 2014) . Steppes are the most conspicuous grassland type, and a high proportion of them have suffered from overgrazing (Blair et al., 2014; MA, 2005; Han, Owens, Wu, Wu, & Huang, 2009) . Accordingly, the need to cease grazing in steppe ecosystems has now become widely recognized (Blair et al., 2014; Han et al., 2009 ). Postgrazing succession may become an important transition in steppe areas. It is critical to understand how global changes, such as precipitation change and N deposition, influence postgrazing succession.
The central purpose of this study was to test how increased rainfall and N influence plant species colonization and extinction during postgrazing steppe succession. We conducted a five-growingseason field experiment in an ungrazed steppe, where rainfall and N gradients were experimentally generated. Existing evidence suggests that water and N addition might have contrasting effects on plant diversity (Bobbink et al., 2010; Payne et al., 2017; Xu et al., 2012) . We hypothesized that increased rainfall and N deposition would influence plant species richness by differentially altering local F I G U R E 1 The effects of species colonization/gain and extinction/loss on species richness during community succession. Here, species colonization and extinction are driven only by resource availability, and both can increase, decrease or remain unchanged due to resource pulses. Species richness changes with the difference between colonization and extinction.
Species richness can increase due to increased colonization (O → I1), decreased extinction (O → I2), both (O → I3) or nonproportional colonization and extinction (O → I4 and O → I5). Species richness can decrease due to increased extinction (O → D1), decreased colonization (O → D2), both (O → D3) or nonproportional colonization and extinction (O → D4 and O → D5
). Species richness can remain unchanged due to equal colonization and extinction (O → Nl and O → N2) . In the plot shown, colonization, extinction, and species richness change as the trajectory moves further to the right and/or below the colonization-extinction isocline (i.e., the green dashed line: species colonization = species extinction) [Colour figure can be viewed at wileyonlinelibrary.com] colonization and extinction rates. If experimental treatments had no effect on species richness, then colonization and extinction rates might be equal. Additionally, we hypothesized that local colonization and extinction rates would differ among plant functional groups, because different plant functional groups behave differently along the same environmental gradients due to different traits and sensitivities (Bobbink et al., 2010; Hooper & Johnson, 1999; Smith, Schuster, & Dukesm, 2016; Smith, Shugart, & Woodward, 1996) .
| ME THODS

| Experimental site
Our experiment was located within a semiarid steppe (49.852° N, 120.348° E, 615 m a.s.l.) in northeastern Inner Mongolia, where the mean annual precipitation is 352 mm, the mean annual temperature is -0.4°C , and soils are classified as sandy loam; the climax plant community is the Leymus chinensis community in our study region (IGIMVCAS, 1985) . Before our experiment, the steppes had become seriously degraded due to long-term overgrazing. To explore the effects of precipitation change and N deposition on postgrazing steppe succession, we rented five hectares of a degraded steppe Prior to our experimental manipulations, the steppe was overwhelmingly dominated by Cleistogenes squarrosa (perennial C 4 grass), F I G U R E 2 Images at the field experiment, northeastern Inner Mongolia, China, and the effectiveness of experimental manipulations. and the subordinate plant species included Salsola collina (annual
Chenopodium glaucum (annual C 4 forb), and Agropyron cristatum (perennial C 3 grass).
| Experimental manipulations
According to the relevant predictions, by 2080 in Inner Mongolia seasonal precipitation might increase by 20%-30% (IPCC, 2014; i.e., the scenario of greenhouse gas emission [RCP8.5]), and N deposition might reach up to 10 g N m −2 year −1 by 2050 in our experimental region (Galloway et al., 2004) . Note that these predictions represent higher increases in precipitation and atmospheric N deposition.
Based on these scenarios of global change, we designed a factorial experiment with rainfall and N as factors, each with three levels. As 
| Measurements of soil abiotic properties
The soil water content and pH were determined in situ in September 2009. Specifically, the soil water content and pH were measured at five points per plot with a soil moisture meter (Uni100E, NISM Instruments, Beijing, China) and a soil pH meter (HI 99121, HANNA Instruments, Padova, Italy), respectively. Five readings of soil water or pH per plot were recorded and averaged.
In August 2013, soil samples were collected from the top 10 cm of each plot and were taken to the laboratory for measurements of soil available N. Soil NH 4 + -N and NO 3 − -N were determined using a flow analyzer (AA3, Bran and Luebbe, Norderstedt, Germany).
The soil N availability was defined as the sum of NH 4 + -N and
| Measurements of plant species responses
In July The whole-community species loss, gain, and turnover should be further partitioned into the counterparts for different plant functional groups because this partitioning has been overlooked in similar previous studies (Xu et al., 2012; Zhang et al., 2016 ). To contrast the loss, gain, and turnover between different plant functional groups, we categorized all plant species per quadrat into three functional groups (i.e., annuals vs perennials, forbs vs grasses, and C 3 vs C 4 plants). We calculated the loss (F L ), gain (F G ), and turnover (F T ) of each functional group as follows:
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where F L and F G are the number of old species lost and new species gained for each functional group between 2009 and 2013, and L and G are the same as above. Note that the sum of annual losses and perennial losses was equal to 100%, the sum of annual gains and perennial gains was equal to 100%, and the sum of annual turnover and perennial turnover was equal to 100%. So were the loss, gain, and turnover for forbs vs grasses and C 3 vs C 4 plants.
| Data analyses
A three-way analysis of variance, in which the rainfall amount, N addition, and years were treated as fixed factors, was used to test whether there was a difference in species richness between 2009 and 2013. The normality of data was tested using the Shapiro-Wilk test and the homogeneity of variances was tested using Bartlett's
test. An analysis of covariance, in which the amount of rainfall and N addition were treated as fixed factors and the species richness in 2009 was treated as a covariable, was used to test their effects on species richness in 2013. We used linear mixed models to test the effects of experimental manipulations on species responses, where the amount of rainfall and N addition were treated as fixed factors and the block was treated as a random factor. All variables were square arcsine-transformed to meet the assumptions of normality when necessary. Specifically, we fitted the response variables (i.e., the species loss, gain, and turnover) with the lme function in the "nlme" package as follows:
where Y was the response variable, Rainfall and Nitrogen were factors with three levels, and Block was an integer (1-8). Differences between the treatments were determined using Tukey post-hoc tests. At the plant functional group level, we tested how rainfall and N influenced the loss, gain, and turnover of annuals and perennials, forbs and grasses, or C 3 and C 4 plants. All analyses were performed using R software (R Core Team, R Foundation for Statistical
Computing, Vienna, Austria).
Linear or nonlinear regression was used to quantify the relationships of species loss, gain, and turnover with rainfall or N levels, the relationship between species loss and species gain, and the relationship between species turnover and Bray-Curtis dissimilarity at the plant taxonomic level. Furthermore, we tested whether the slope of the regression line between species loss and species gain was equal to 1.0. All analyses were performed with R software.
| RE SULTS
The field manipulations of rainfall and N were effective, as indicated by the soil water content (Figure 2c (Table 1) . Accordingly, we present the effects of rainfall and N separately. For annuals and perennials, their loss, gain, and turnover were unaffected by increased rainfall (Table 1 ; Figure 6a , d, g); neither were the loss, gain, and turnover of forbs and grasses affected by increased rainfall (Table 1; 
| D ISCUSS I ON
This study focused on the impacts of two factors associated with global changes on the local colonization and extinction during postgrazing succession. Two key findings were detected. First, increased rainfall and N addition did not influence plant species richness but altered plant species loss, gain, and turnover, partly supporting our first hypothesis. Second, different plant functional groups exhibited differential species colonization and extinction rates along soil resource gradients, supporting our second hypothesis. We also found that plant species richness increased by more than 40% over the five-year succession, highlighting that the experimental steppe experienced a rapid change during this period of time. Steppes represent one of the most abundant grassland types (Blair et al., 2014; IGIMVCAS, 1985) . Our results might help us to understand how increased precipitation and N influence the successional changes in ungrazed steppes and suggest that precipitation and N deposition increases might lead to rapid plant species interchanges during postgrazing steppe succession.
TA B L E 1
The effects of increased rainfall, nitrogen addition, and their interactions on species responses at the levels of plant taxonomy and functional groups 
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Resource availability is a key factor driving plant community succession in nature (Crawley, 1997) . The soil water and N gradients used in our study might correspond roughly to the intermediate regimes, but not to any endpoint (i.e., extremely stressful or favor- suggest that rainfall and N enrichments might influence local plant colonization and extinction in multiple ways. For example, water and N additions not only alter soil resource availability but also alter light availability (Chapin, Matson, & Mooney, 2002; Hautier et al., 2009; Smith et al., 2016; Wang, Wan, Xing, Zhang, & Han, 2006; Yang et al., 2011) ; water and N additions could alter biotic and abiotic conditions, enabling some microsites to become suitable for some plant species but unsuitable for other plant species (Bobbink et al., 2010; Stevens et al., 2010) .
We observed that rainfall and N independently influenced species richness, loss, gain, and turnover. Similar phenomena have been detected in an annual-dominated grassland with a Mediterranean-type climate (Zavaleta et al., 2003) , a mesic habitat (Stevens et al., 2006) , a semiarid degraded steppe (Yang et al., 2011) , an alpine grassland (Li et al., 2015) , and a restored tallgrass prairie (Smith et al., 2016) . In some cases, increased rainfall and N could interact in their effects on plant species richness (Dickson & Foster, 2008; Xu et al., 2012) , partly because rainfall can control N transformation and losses (Ren et al., 2017; Yahdjian & Sala, 2010) . There are a few explanations for these findings. To begin, water requirements differ radically from nutrient requirements, and water and N act differently in the mechanisms underlying plant responses (Chapin et al., 2002; Stevens et al., 2006; Yang et al., 2011) . Secondly, focal grasslands and their conditions, experimental treatments, and manipulation durations influence the effects of water and N enrichments. Finally, water and N additions are likely to have positive and negative or direct and indirect effects on plant species (Bobbink et al., 2010; Stevens et al., 2006) . Species-level decoupling in response to water and N enrichment may not mean that these two limiting resources do not interact at other levels or with other community variables (Harpole, Potts, & Suding, 2007; Ren et al., 2017; Yang et al., 2011) .
Plant species turnover has been found to be dependent on soil water and nutrient regimes (Price & Morgan, 2007; Xu et al., 2012) .
Such phenomena were detected in our study. We also observed that species turnover varied with floristic dissimilarity. This finding suggests that species composition might play a key role in regulating species turnover. Importantly, plant species turnover exhibited the same responses as plant species loss and gain along the rainfall gradient;
however, plant species turnover differed from plant species loss and gain along the N gradient. Thus, the relative contribution of species loss and gain to species turnover varied with rainfall increases and N enrichments. This pattern might be linked to the specific mechanisms governing the effects of rainfall and N enrichments.
Theoretically, resource pulses could yield three categories of consequences for species richness, each with multiple scenarios (Figure 1 ). This study provides an explanation for why increased rainfall and N failed to influence plant species richness at the plot scale. The local colonization and extinction rates are determined by species gain and species loss, respectively (MacArthur & Wilson, 1967; Sax & Gaines, 2003; Wardle et al., 2011) . In our experiment, plant species loss and gain were similar in magnitude. The unchanged plant species richness among treatments could be attributed to the fact that local colonization and extinction occurred simultaneously and proportionally. In other words, the trajectory moved along the colonization-extinction isocline (Figure 1 ). Our results support the notion that total numbers of species do not tell the whole story (Gonzalez et al., 2016) and highlight that apparently unchanged species richness might encompass rapid species interchanges. Additionally, our findings do not support the viewpoint that an addition of multiple limiting resources can decrease species diversity (Harpole et al., 2016) . 
